The effects of potassium, magnesium, calcium, phosphate, and sulphate ions on the development of two-cell mouse embryos to blastocysts were investigated.
I. INTRODUCTION
Two-cell mouse embryos are capable of development into blastocysts in a medium based on Krebs-Ringer bicarbonate containing 1 mg/ml bovine serum albumin and suitable energy sources (Whitten 1957; Brinster 1963 ). The energy sources required for this development have been studied extensively (Brinster 1965a (Brinster , 1965b Brinster and Thomson 1966) . However, except for the mention by Whitten (1956) that the absence of calcium, magnesium, and potassium prevented growth and that omission of phosphate delayed development of eight-cell mouse embryos, little is known regarding the importance of the various inorganic ions present in this medium. Therefore studies were undertaken to determine the effects of changes in the concentration of inorganic ions on the development of mouse embryos in vitro.
II. MATERIALS AND METHODS
Mouse embryos were obtained from random-bred albino mice which had been superovulated (Brinster 1963) . Two-cell mouse embryos were flushed from the fallopian tubes of mated females 44-48 hr after the injection of chorionic gonadotrophin while later stages were obtained from the tubes or uterus or both at the appropriate interval after injection. A modified Krebs-Ringer bicarbonate solution containing 25 mM DL-sodium lactate, 0·25 mM sodium pyruvate, 1 mg!ml bovine serum albumin, 60 /1-g!ml penicillin, and 50 /1-g!ml streptomycin sulphate (Ringer medium) was used for the collection of embryos prior to use (Brinster 1965b) . This medium contains 6·0 mM potassium, 1 ·2 mM magnesium, 1 . 7 mM calcium, 1 ·2 mM phosphate, and 1 ·2 mM sulphate.
All culture media were of similar composition to the medium used for the collection of embryos except that the concentration of the particular ion under study was varied. In these media, the osmolarity was kept at 0·308 osmoles by adjusting the sodium chloride content. Using air: C02 (95 : 5) as gas phase, embryos were cultured in droplets of media in petri dishes containing 10 ml oflight paraffin oil (Brinster 1963) . In most experiments the response was measured as the proportion of embryos which developed into blastocysts after 72 hr culture at 37°C. However. in the experiments to study the effect of culture for 2-24 hr in media devoid of potassium or calcium before culture in Ringer medium. the embryos were also inspected after a total of 96 hr in culture to determine whether the treatments delayed development. The additional 24 hr in culture resulted in a small increase in the percentage of embryos forming blastocysts in both treated and control samples and there was no evidence that the specific treatments caused delayed blastocyst formation. For these experiments the results after 96 hr culture at 37°C are given in the tables.
Prior to culture, all embryos were washed by transfer through two changes of medium (2 ml each wash). Depending on the experiment the wash was either devoid of the ion being studied or contained the lowest concentration of the ion to be tested. To remove the possibility of ions being absorbed from the paraffin oil during culture, the oil was not equilibrated against Krebs-Ringer bicarbonate prior to use. Preliminary observations showed that this variation to the method of culture did not affect the proportion of two-cell embryos that developed into blastocysts. Before use, all ion-free media were tested to determine that they were capable of maintaining normal development of two-cell embryos after addition of the deficient ion.
For each replicate of an experiment, embryos from several mice were pooled and after washing, equal numbers from the pool were allotted to a treatment. Each experiment was repeated a number of times and the results, expressed as the percentage of two-cell embryos forming blastocysts, were transformed to angles prior to statistical analysis. 
III. RESULTS

(a) Effect of Potassium lOris
The development of two-cell mouse embryos in the presence of different concentrations of potassium ions is shown in Table 1 . In experiment 1.1, the effect of decreasing the level below that found in the usual culture media (6 mM) was tested. A sixfold decrease in concentration of potassium had no effect. However 0 ·17 mM potassium was unable to maintain development. Experiment 1.2 was undertaken to examine the restricted range of potassium concentration between 1· 0 and 0·2 mM. Development was depressed slightly when potassium concentration was decreased to 0·6 mM. With 0·4 mM potassium, very little development occurred and no blasto-cysts were obtained when 0 -2 mM potassium was present in the medium. With this latter concentration of potassium, cleavage was suppressed and after a 48-hr culture of two-cell embryos in this medium, the number of blastomeres was half that in cells cultured in the presence of 6 mM potassium. In the total absence of potassium, cleavage was even more suppressed and usually not more than one cleavage division occurred after transfer to a potassium-free medium. With levels of potassium up to eight times those in Ringer medium (experiment 1.3), there was a small but significant linear decrease (P < 0·05) in the percentage of two-cell embryos that develop into blastocysts. In a further experiment, in which potassium levels were increased to 77·0 mM, embryos added to the medium swelled and no development occurred. In the second series of experiments ( Table 2 ) the effect of incubating two-cell mouse embryos in a medium devoid of potassium prior to culture in a medium containing 6 mM potassium was tested. In experiment 2.1, equal numbers of embryos were incubated at 37°C in six droplets of potassium-free medium after two washes through this medium. At 2-hr intervals, the embryos in one droplet were transferred for the remainder of the period of culture to medium containing 6 mM potassium and the results compared with those obtained for controls washed and cultured in medium containing 6 mM potassium. There was no decrease in the percentage of blastocysts found after incubation for 4-6 hr in the potassium-free medium. However, incubation in this medium for 8, 10, and 12 hr caused a marked decrease in the number of two-cell embryos which developed into blastocysts. In experiment 2.2, 24-hr exposure of two-cell embryos to a potassium-free medium almost completely stopped development to blastocysts during subsequent culture for 72 hr. It was also found that no blastocysts were obtained when four-cell embryos, eight-cell embryos, or morulae were recovered from mice and cultured in potassium-free media.
In the above experiments, the percentage of embryos developing into blastocysts was slightly greater for embryos incubated 2 hr in a potassium-free medium prior to culture than for control::;. To investigate whether short periods of incubation in such diluents caused a true stimulation to development, embryos were placed in a potassium-free medium for short periods before culture. In experiment 2.3 and 2.4 (Table 2) there was no significant increase in the percentage of blastocysts formed following incubation in medium without added potassium for periods up to 90 min.
(b) Effect of Magnesium Ions
The development of two-cell mouse embryos in the presence of various levels of magnesium is shown in Table 3 . In the test to study the effect of low levels of magnesium (expt. 3.1), the responses varied considerably between replicates and the linear component for the effect of magnesium levels just failed to reach the 5% level of significance. Therefore in experiment 3.2, the response to a magnesium-free medium was again tested. On this occasion, responses were less variable and, while levels of magnesium four to eight times those in Ringer diluent (1· 2 mM) had no significant effect on development, lack of this ion caused a small but significant depression in response. 
(c) E.ffect of Calcium Ions
The results of an experiment to study the effects of low levels of calcium ions on development are shown in Table 4 (expt. 4.1). Decrease in the wncentration of calcium from 1· 7 to 0·4 mM caused a variable and non-significant decrease in the development of embryos to blastocysts. A further fourfold decrease in the concentration of this ion decreased markedly the number of blastocysts formed and 0·03 mM calcium was insufficient to allow any development to blastocysts to occur. In addition no blastocysts were obtained when four-cell embryos, eight. cell embryos, and morulae were recovered from mice and cultured in a calcium-free medium.
After culture of embryos in the absence or near absence of calcium many of the zygotes assumed a characteristic appearance suggesting either that intercellular binding of the blastomeres had broken down following cleavage or that fragmentation of the cytoplasm had occurred (Figs_ 1 and 2 ). This contrasted markedly with the appearance of normal morulae obtained after culture for similar periods in calciumrich media (Fig. 3) . Evidence that cleavage rather than fragmentation had occurred Fig. I .-Two-cell mouse embryos cultured 48 hr in a medium containing 0·03 mM calcium. Three of the embryos have not cleaved and in two of these, one blastomere has degenerated. The remainder show the characteristic appearance of embryos cultured in a calcium-deficient medium. Between 3 and 16 separate cell-like bodies are present in the zona pellucida. Figure 2 . The culture medium contained 1·7 mM calcium. Fig. 4. -A two-cell mouse embryo which has been cultured 48 hr in a medium containing 0·03 mM calcium and stained with lacmoid. Each of the cell-like bodies (see Fig. 1 ) is a separate blastomere containing a nucleus. in these embryos was obtained by culturing two· cell embryos for 48 hr in calciumdeficient media, fixing in neutral formalin, and staining with lacmoid (Marston and Chang 1964) . All cell fragments in these embryos were found to contain nuclei and to have the microscopic appearance of normal blastomeres (see Fig. 4 ). The mean number of these blastomeres per zygote for two-cell embryos grown for 48 hr in calciumfree media and in media containing 0·03mM calcium were 5 (S.E. = 1·0) and 7 (S.E. = 0·8) respectively. This compares with a mean cell number of 15 (S.E. = 2 ·0) for a similar random sample of two-cell embryos cultured 48 hr in media containing 1· 7 mM calcium. Additional evidence that intercellular binding of the blastomeres had decreased was obtained by drawing embryos which had been cultured in a calciumdeficient medium through a Pasteur pipette with a diameter at the tip slightly less than that of the zona pellucida. After rupture of the zona pellucida by this treatment, the blastomeres of these embryos tended to separate from each other. On the other hand, the blastomeres of normal morulae did not separate following rupture of the zona pellucida under these conditions.
When an examination of the effect of high levels of calcium was attempted, precipitation of the medium occurred. However, 10·2 mM calcium was compared with normal levels (expt. 4.2) and, although a layer of precipitate formed on the zona pellucida during culture, development was not impaired.
The effect of incubating two-cell mouse embryos in a medium devoid of calcium prior to culture in the presence of 1 ·7 mM calcium was investigated. The results are presented in Table 5 . There was a significant linear fall in the proportion of embryos forming blastocysts following incubation for 0-12 hr in a calcium-free medium. After 12 hr in the absence of calcium, 40% as many embryos developed into blastocysts compared with controls. This percentage was halved if the period of incubation in calcium-free medium was extended to 24 hr. However, short periods of exposure to a calcium-free medium (up to 60 min) did not affect subsequent development.
(d) Effect of Phosphate and Sulphate Ions
The effect of changes in the concentration of phosphate ions on development is shown in Table 6 . A 64-fold decrease in the concentration of phosphate ions did not impair development. However, complete absence of this ion from the medium The development of two-cell mouse embryos in sulphate-free medium was compared with that in Ringer medium. A total of 200 embryos per treatment were used (five replicates, 40 embryos per treatment). The percentage of embryos forming blastocysts in the sulphate-free medium (73%) was not significantly different from that in Ringer medium (81 %).
IV. DISCUSSION
The present results clearly demonstrate the importance of potassium and calcium ions for normal cleavage and development of two-cell mouse embryos in vitro.
Magnesium and phosphate ions appear to playa less important role and the sulphate ion is unnecessary for development.
The potassium ion has been shown to have important metabolic effects in many tissues. It stimulates a number of enzymes of the glycolytic pathway (Wyatt 1964) and has been shown to increase the oxygen uptake of brain and liver cells and the glycolysis of cancer cells and brain tissue (U ssing 1960) . Many reports are also a vaila ble of its stimulating effect on the motility and metabolism of spermatozoa (Mann 1964; Dott and White 1964; Wallace and Wales 1964; Wales and O'Shea 1966) . In the embryo, lack of potassium in the medium probably depresses metabolism in a manner similar to that occurring in other tissues. Possibly there are heavy demands on the metabolism of the cell at cleavage and in the absence of potassium, these demands cannot be met and cleavage is suppressed.
Whatever the mode of action of potassium the embryo is able to tolerate quite wide fluctuations in its concentration without adverse effects. Only when the concentration of this ion is less than 0·6 mM does the number of embryos developing into blastocysts decrease suddenly. High levels are well tolerated and concentrations up to eight times those normally employed have little effect on viability. However, when potassium constitutes 50% of the cations of the medium, mouse embryos, like those of the rat (Austin 1961) , exhibit marked swelling of the blastomeres. This swelling is probably related to an inhibition of the normal passive diffusion of potassium out of the cell while an active sodium-potassium pump is working (Ussing 1960) .
Although mouse embryos tolerate large changes in the concentration of calcium in the medium without adverse effects very low concentrations of this ion inhibit development. Exposure of two-cell embryos to a calcium-deficient medium for varying periods leads to a decrease in development which is directly related to the time of exposure. Thus calcium probably affects the general activity of the cell. Calcium, like potassium, affects various enzymes important in encrgy metabolism (Wyatt 1964) . In addition it has also been shown to be important for normal intercellular adhesion III some tissues (Willmer 1965) . Its effects on the embryo are probably a combination of these effects. Cleavage is partly suppressed and at the same time the evidence suggests that intercellular binding of the blastomeres is decreased. The cellular adhesion apparent during morula formation may be an important factor in the initiation of cavitation and subsequent blastocyst formation.
Both magnesium and phosphate are biologically important ions. However, the extracellular requirements of two-colI embryos for these ions appear to be low as some development was found to occur even when they were omitted from the culture medium. On the other hand, Whitten (1956) reported that lack of magnesium prevented the development of eight-cell mouse embryos in culture. In this latter study, the large volume of medium used to culture the embryos may have led to sufficient leaching of this ion from the embryo to prevent development. The use of a small volume of magnesium-free medium, as in the present study, probably helps to maintain intracellular-reserves and allow development to occur.
Except for the requirement of a satisfactory energy source (Brinster 1965a ) and a bicarbonate medium (Biggers, Whitten, and Donahue 1967 ) the mouse embryo during its pre-implantational stages of development is tolerant of wide changes in environment. It would appear, therefore, that the control mechanisms which maintain the optimal intracellular levels of biologically important ions are well developed even at this early stage of development.
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